Objective: Atherosclerosis is a chronic and systemic disease and its developmental process involves the synergism of multiple risk factors such as hypertension, dyslipidemia, diabetes, obesity and smoking. The diagnosis of subclinical atherosclerosis is essential for strategic guidance towards suitable treatments and efficient prevention against acute cardiovascular events. This study employed ultrasound radiofrequency (RF) tracking technology to characterize human carotid arteries in vivo in terms of intima-media thickness (IMT) and artery stiffness, and evaluated the statistical correlation between carotid IMT and stiffness, and the number of risk factors for atherosclerosis.
Introduction
Atherosclerosis is a leading cause of cardiovascular death due to the increasing prevalence of the disease and the impact of risk factors such as hypertension, dyslipidemia, diabetes, obesity and smoking [1] [2] [3] . Subclinical atherosclerotic changes on arterial walls involve intima-media thickening and decreased arterial elasticity. Carotid intima-media thickness (IMT) and arterial stiffness, pulse wave velocity, arterial compliance and distensibility, and the elastic modulus of the vessel wall, are good indicators of early atherosclerosis and potential cardiovascular events [4] [5] [6] [7] . A quantitative method for cumulative risk assessment of asymptomatic subjects needs to be developed by measuring these indicators and exploring the statistical relationship between these indicators and the atherosclerosis risk factors, so as to make it possible to achieve early detection of subclinical atherosclerosis in asymptomatic subjects and perform preventive and effective treatment.
The carotid IMT has been mostly measured online or offline from ultrasound B-mode images by manual, semi-manual or automated detection of the lumen-intima and media-adventitia interfaces over an artery segment [5, 8] . Arterial stiffness can be estimated by measuring the diameter change during the cardiac cycle from B-mode images in conjunction with the local pulse pressure [9] . However, these methods are highly machine-and operator-dependent, and are time-consuming. Ultrasound radiofrequency (RF)-tracking technology provides automated measurements of carotid IMT and stiffness, and is unaffected by the Bmode image quality and less dependent on the operator. This technology can precisely detect the vessel wall along each RFvector line in real time, and tracks the diameter waveform as a function of time using a complex cross-correlation model [10] , and acquires the cardiac cycle based on the waveform periodicity. When the blood pressure data are employed, this technology can automatically calculate relevant indicators that reflect change in arterial elasticity. Ultrasound RF-tracking technology has been successfully applied to assess cardiovascular risk in isolated systolic hypertension patients, in hypertriglyceridemic subjects [11] , in rheumatology patients [12] , in obese children [13] , and in women with preeclampsia [14] . But to the best of our knowledge, no study has investigated the relationship between carotid IMT and stiffness and the number of risk factors for atherosclerosis using this technology.
Therefore, the aim of the present investigation was to assess the feasibility of using ultrasound RF-tracking technology to detect subclinical atherosclerosis by studying the correlation between carotid IMT and stiffness and the number of risk factors for atherosclerosis.
Subjects and Methods

A. Subjects
The study population was composed of 160 subjects, of which 112 subjects had one or more risk factors for atherosclerosis (54 men and 58 women; age 17 to 79 years) and 48 subjects had no risk factor (17 men and 31 women; age 21 to 66 years). Information regarding age, gender, blood pressure, body mass index (BMI), history of smoking, total cholesterol (TC), low density lipoprotein cholesterol (LDL-C), high density lipoprotein cholesterol (HDL-C), triglyceride (TG), fasting plasma glucose (FPG), and medication use was collected for all subjects. The study protocol was approved by the Institutional Review Board of the Third Affiliated Hospital of Sun Yat-sen University, and written informed consent was obtained from subjects or on the behalf of minors/children subjects from their guardians.
B. Definition of risk factors
The criteria used were guided by Adult Treatment Panel III and the World Health Organization [15, 16] . Hypertension was defined as resting systolic blood pressure (SBP) $140 mmHg and/ or diastolic blood pressure (DBP) $90 mmHg and/or taking antihypertensive drugs. Pulse pressure (PP) is the difference between the SBP and DBP. Dyslipidemia was defined as taking antihyperlipidemic drugs or having one or more of the following: TC$5. by a questionnaire to classify each subject as a non-smoker, former smoker, or current smoker. For the purpose of the present study, ''ever-smoker'' status (former or current) was used. Subjects were classified as having zero (n = 48), single (n = 22), double (n = 52), and multiple (n = 38) risk factors. The subjects' characteristics are shown in Table 1 .
C. Carotid ultrasonography
The subjects underwent ultrasound examination on an Esaote MyLab90 platform (Esaote Medical Systems, Italy) using a highresolution 4-13 MHz linear-array transducer (LA523) by an experienced angiographer. The system employed dedicated software RF-tracking technology to obtain RF Quality IMT (RF-QIMT) and RF Quality Arterial Stiffness (RF-QAS). Detailed description of the measurement process for RF-QIMT and RF-QAS technology can be found in [17] .
All measurements were taken in the supine position with head elevation of #45u and a side tilt of 30u to the right. Note that Bmode examinations were undertaken on the distal wall of the common carotid artery (CCA) on the optimal image and IMT were obtained. The CCA, carotid bulb and portions of the internal and external carotid arteries on the left side were scanned. The scan encompassed the region between 30 mm proximal to the beginning of the dilation of the bifurcation bulb and 15 mm distal to the CCA flow divider. We defined the maximum IMT ( MAX IMT) as the thickest IMT in the scanned regions. The distal 10 mm of the CCA just proximal to the bulb was measured by the ultrasound RF-tracking technology. Here, RF QIMT was defined as IMT measured by RF-QIMT technology, as shown in Fig. 1 (a).
The RF-QAS technology provides a list of stiffness parameters that are calculated by combining the measured distension waveform with the brachial blood pressure that can be obtained externally via an automated system or a standard cuff, as shown in Fig. 1 (b) . We define the parameters obtained by RF-QAS technology as RF QAS, which can be expressed as distensibility coefficient (DC), compliance coefficient (CC), a index, b index and local pulse wave velocity (PWVb).
These parameters were calculated using the following formulas [18, 19] , in which D and DD are the diastolic diameter and the change of diameter in systole, respectively, P s and P d are SBP and DBP, DP is PP, and r is the blood density.
The parameter DC is the absolute change in vessel diameter during systole for a giving pressure change and can be calculated as following,
DC~2
:
The parameter CC is the relative change in vessel diameter during systole for a given pressure change and is calculated as follows,
The parameter a relates cross sectional area change to driving pressure, and is calculated as follows,
The parameter b represents the degree of arteriosclerosis, and it increases in the presence of arteriosclerosis,
The parameter PWVb is the travel speed of pulse wave. The stiffer the artery is, the higher the PWVb will be,
D. Statistical analyses
Spearman's rho correlation analysis was used to examine the bivariate relationships between MAX IMT and the parameters measured by ultrasound RF-tracking technology. The analysis of covariance (ANCOVA), adjusted with age as a covariate, was used to examine which parameters were independent predictors of patients at high risk of atherosclerosis. Stepwise multiple linear regression analysis was performed to evaluate the independent factors that were significantly related to arterial elasticity. A p value less than 0.05 was accepted as indicating statistical significance. All statistical analyses were performed using the Statistical Package for Social Sciences statistical software package, version 17.0 (SPSS Inc.).
Results
The Spearman's rho correlation analysis enables the comparison between MAX IMT and the parameters measured by the ultrasound RF-tracking technology, and the results are listed in Table 2 . When all the subjects (n = 160) were analyzed, MAX The NA-subjects were also analyzed by ANCOVA, adjusted with age as a covariate, and RF QIMT, DC, CC, a, b and PWVb were used as input values as possible predictors. Table 3 shows significant differences in all parameters (p,0.05) between subjects without risk factor (n = 47) and subjects with one or more risk factors (n = 98). Comparatively, RF QIMT, a, b and PWVb were significantly higher, and DC and CC were significantly lower in subjects with risk factors than in subjects without risk factor.
Furthermore, NA-subjects were also categorized into four groups in terms of the number of risk factors: 'zero' (n = 47), 'single' (n = 21), 'double' (n = 47), and 'multiple' (n = 30), and the same ANVOCA was utilized. Table 4 lists RF QIMT, a, b, PWVb, DC, and CC for all the four groups and their statistical correlation values. There was a significant difference in RF QIMT among the four groups (F = 5.844, p = 0.01).
RF QIMT of the 'multiple' group was greater than in 'zero', 'single' or 'double' groups. The DC of the 'zero' group was significantly greater than in 'single', 'double' or 'multiple' groups (F = 2.924, p = 0.036). Note that a and b were significantly different among the groups (p,0.05). The PWVb in 'multiple' group were significantly greater than in other three groups (F = 4.057, p = 0.008). However, there was no significant difference in CC among the four groups (F = 1.975, p = 0.121). Table 5 presents the results of the multiple linear regression analysis on independent risk factors for the RF QIMT and carotid stiffness. Age (p,0.001), SBP (p = 0.003) and dyslipidemia (p = 0.019) were significant predictors of RF QIMT. Age (p, 0.001) and dyslipidemia (p = 0.004) were identified as significant predictors of DC. For CC, age (p,0.001) and SBP (p = 0.003) were identified as significant predictors. Age (p,0.001) and PP were significant predictors of a and b. Age (p,0.001) and SBP (p, 0.001) were significant predictors of PWVb. In summary, age is an important determinant of RF QIMT and arterial elasticity. . On the right it shows a typical RF signal that corresponds to the red rectangle in the ROI, with the RF raw signal denoted in blue, and the RF envelop denoted in red. The 'Intima Peak', 'Media Foot', and 'Adventitia Peak' are identified in the RF envelop in order to determine the interfaces between the intima, the media, and the adventitia in the artery. The green line inside the ROI denotes the intima and the orange line denotes the adventitia. The intima-media thickness (IMT) can therefore be obtained. (b) The diagram for the RF-QAS technology. In the same ROI, the diameter waveform is tracked as a function of time using a complex cross-correlation model, and the cardiac cycle is acquired based on the waveform periodicity. Combining with the brachial blood pressure information (systolic blood pressure and diastolic blood pressure), five arterial stiffness coefficients can be calculated, including distensibility coefficient (DC), compliance coefficient (CC), a index, b index and local pulse wave velocity (PWVb [20] . Our results in Table 2 showed good statistical correlations between MAX IMT and RF QIMT. For the NA-subjects Table 3 further shows that RF QIMT in subjects with risk factors were significantly larger than in subjects without risk factors. On the other hand, the ultrasound RF-tracking technology provides several standard parameters for assessing arterial stiffness, including DC, CC, a, b and PWVb. From Table 2 it can be seen that these parameters all have statistical correlations with MAX IMT. From the comparisons between subjects with or without risk factors in Table 3 , the observed significant increase for subjects with risk factors in values of a, b and PWVb indicated an increase in arterial stiffness, and significant decrease in values of DC and CC in the same subjects inferred a loss of arterial elasticity. This may have originated from smooth muscle cell proliferation, deposition of lipid, and accumulation of collagen, elastin, and proteoglycans without compensatory development of scar collagen at the early stage of atherosclerosis [21, 22] . We hypothesized that the multi-parameters obtained from the ultrasound RF-tracking technology can be used together with the routine IMT criteria to favor the diagnosis of subclinical atherosclerosis.
Also, abundant information that can be acquired from the ultrasound RF-tracking technology can assist in the differentiation of NA-subjects with different numbers of risk factors. The synergism of multiform risk factors is considered to accelerate the developmental process of atherosclerosis, and these risk factors were independently associated with increased carotid IMT and stiffness [23] . To the best of our knowledge, our studies for the first time employed the ultrasound RF-tracking technology to statistically evaluate the correlations between the number of risk factors and carotid IMT and stiffness for subjects without atherosclerotic symptoms. Table 4 shows that RF QIMT got larger as the number of risk factors increased from zero, to single, double, and multiple. Also, DC, CC, a, b and PWVb statistically varied with an increasing number of risk factors. Therefore, the RF QIMT and RF QAS parameters non-invasively acquired from the ultrasound RF-tracking technology do have significance for determining the grade of risk for subclinical atherosclerosis.
In addition, the stepwise multiple linear regression analysis on independent risk factors in Table 5 demonstrated age to be a significant predictor for all the stiffness parameters. This is consistent with independent prior studies that have proven that alterations in arterial structure and function occur with advancing age [24] . These changes comprised an increase in arterial wall thickness secondary to hyperplasia of the intima, addition of medial lamellae, and loss of the orderly arrangement of elastin in the media. Additionally, there was degeneration and disorganization of the medial layers with partial replacement of elastin with less compliant forms of collagen [24] . These changes in the arterial wall with advancing age are accompanied by a progressive dilation of major arteries and a progressive increase in arterial stiffness.
Moreover, from a technical point of view the ultrasound RFtracking technology has its own advantages over B-mode-based ultrasound techniques. The RF signal is generally much richer in information compared to B-mode image. So, the ultrasound RFtracking technology is not affected by non-linear post-processing steps such as log-compression and proprietary filter algorithms that Table 2 modify the statistics of ultrasound signals for reasons of improved visual appeal. It also has desirable statistical properties facilitating various ways of distributional modeling of ultrasound specific texture patterns, referred to as speckle noise. It is worth noting that most reported studies measure IMT in individuals to the nearest 0.1 mm or even 0.01 mm, which may be beyond the spatial resolution limit of the ultrasound system [25] . For instance, the theoretical axial resolution of an ultrasound system with 4 to 13 MHz transducers is about 0.1 mm. The usage of pulses with multiple cycles in practice could degrade the axial resolution to be approximately 0.3 mm. The difference between ''control'' and ''risk factor'' groups in many observational studies of carotid IMT has been ,0.2 mm [5, 26] . Other than counting on the sole criterion of IMT, the combination of IMT and arterial stiffness information can potentially improve the diagnosing capability of atherosclerosis, and the ultrasound RF-tracking technology holds promise for early detection of atherosclerosis. Although the ultrasound RF-tracking technology is currently not yet available for all commercial ultrasound devices, it will certainly be more accessible and gain importance in the clinical diagnosis of cardiovascular diseases in the near future.
The main limitation of this study is that we did not investigate intra-observer reliability and inter-observer reproducibility. But previous studies have indicated that the ultrasound RF-tracking technology can be used to assess the properties of the arterial wall with very high precision and reproducibility and real-time feedback on measurement quality [11, 14, 17] . A second limitation is the comparatively small number of subjects, especially older healthy volunteers. In this study, age was treated as a covariate to balance its possible influence on the statistical analysis. Further study with larger populations needs to be carried out to verify our results.
Conclusions
We used the ultrasound RF-tracking technology to noninvasively acquire the human carotid IMT and carotid artery stiffness parameters from 160 subjects, of which 145 were nonatherosclerosis subjects with MAX IMT smaller than 1.0 mm. We performed statistical analyses between these parameters and the number of risk factors for atherosclerosis, and found that RF QIMT, a, b and PWVb significantly increase and DC and CC significantly decrease with an increasing number of risk factors. Further studies will be necessary to confirm the results of the present study and establish the diagnostic accuracy of this technique. 
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